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Abstract 
Making surface microstructures on refractory metal is one of the promising technologies of controlling optical 
property at high-temperature condition. However, the technique of fabricating microstructures for refractory metal is 
limited, such as using semiconductor technologies. Therefore, the large-area fabrication of periodic microstructures 
on refractory metals is a key technology supporting the practical application of controlling optical property using 
surface microstructures. This report describes large-area fabrication of two-dimensional submicron quasi-periodic 
microcavities using self-organization on a nickel-based superalloy. The surface microcavities on a bulk metal were 
obtained by appropriate heat treatments and simple chemical etching process. The spectrally selective property 
attributed to the confined modes inside cavities is observed. The selective absorbing property and thermal stability are 
also confirmed at 973 K. Therefore, this fabrication method can be applied for high temperature solar selective 
absorbers. The fabricated sample showed solar absorptance of 0.74 and emittance of 0.25 at 873 K. The performance 
of solar selective absorber is verified by simple heating test using the sample with randomly arrayed microstructures. 
It is indicated that the temperature of microstructured sample shows 30oC higher than that of a black-painted sample. 
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1. Introduction 
The spectral property of thermal radiation can be controlled by periodic microstructures on a metal 
surface. Therefore, it is effective for using microstructured metals as solar receiver. To apply this 
technology for solar thermal energy utilization such as concentrated solar power generation (CSP) 
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systems, microstructures should be fabricated on a large-area at a refractory metal. Some groups have 
been reported the fabrication of microstructures on refractory metals. Sai et al. reported selective emitter 
fabricated 2D microcavities on tungsten (W) substrate by means of semiconductor technology[1] and 
Rinnerbauer et al. fabricated cylindrical cavity on Ta and W substrate by means of interference 
exposure[2]. The highly-periodic microstructure is fabricated and it displayed high spectral selectivity 
even at high-temperature. However, their processes take much time and furthermore the fabricated area is 
limited in several centimeter-orders at most.  
To fabricate microstructures on large-area, a self-organized single-crystalline nickel (Ni)-based 
superalloy CMSX-4 is focused, of which phase is periodically separated into two phases under 
appropriate heat treatments[3].  To attain high thermal stability, the superalloy CMSX-4 contains a lot of 
elements such as Cr, Al, Ti, and etc. This material is used generally as a material for gas turbine blades, 
etc.[4-6]. Consequently, it is a promising material for high-temperature applications. The self-organizing 
process, widely known as an age-hardening process, is generally applied for obtaining hardness of metals, 
while we applied this phenomenon to control spectral property of thermal radiation by fabricating 
microstructures. For CMSX-4, the phase are separated into two phases called J-phase and J’-phase under 
appropriate heat treatments. The J-phase consists mainly of Ni-based solid solution. The J’-phase consists 
mainly of intermetallic compounds such as nickel aluminide (Ni3Al).  The phase distribution of single 
crystalline superalloys usually contains J’-precipitates that are embedded coherently in J-matrix with 
face-centered cubic crystal structure as depicted in Fig. 1. This periodic phase separation results from 
spinodal decomposition[7], which differs from general precipitation behavior with nucleation. The 
driving force of this phenomenon is the gradual increase of concentration fluctuation in the solid solution. 
The coherently separated phase is composed by this fluctuation because it is converged to single 
frequency. 
In this study, the objective is to investigate large-area fabrication technique of microstructures for high 
temperature solar selective absorbers. This study was conducted to confirm the spectrally selectivity of a 
material with microstructures fabricated by self-organization of a bulk CMSX-4. Thermal stability and 
the performance are also verified by simple heating test. 
 
 
 
2. Experiments 
 
2.1. Fabrication of periodically arrayed microcavities 
The CMSX-4 is first undergoes solution treatments to spread the elements, which are contained in the 
superalloys, into base matrix. The aging treatments are performed to promote aggregation and 
precipitation of the elements after the solution treatments[3]. The samples are polished mechanically 
J-phase
J’-phase
 
 
Fig. 1. A schematic image of phase separated Ni-based superalloy. The J’-phase is coherently embedded in J-phase. 
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before the etching process to obtain a flat smooth surface, and then selective wet-etching is conducted to 
remove J’-precipitates. The etchant temperature is fixed at 298 K in a water bath stirred continuously 
during the etching process. The J’-precipitates can only be removed by simple chemical etching using 
difference of etching selectivity between J-matrix and J’-precipitates, so that periodically arrayed 
microcavities surrounded by J-matrix walls are fabricated on the surface. 
 
2.2. Fabrication of randomly arrayed microcavities 
Heat treatment without aging treatment is conducted for CMSX-4. It also show microstructured surface, 
though the microstructures are not periodically arrayed. The phase separation is seemed to occur in short 
time at cooling process of solution treatments. Since the spinodal decomposition is insufficient in this 
process, the separated J’-phase are, therefore, arrayed randomly, but their size is uniformed. 
 
2.3. Optical property measurement 
We measure hemispherical spectral reflectance with an Fourier transform infrared spectroscopy (FT-
IR) (Perkin-Elmer, Spectrum-GX) using an integrating sphere in IR range and a UV/Vis/NIR 
spectrometer (Perkin-Elmer, Lambda 900) with an integrating sphere in Vis and NIR ranges. Absorptance 
is obtained by calculation using the measured reflectance. To verify optical property at high-temperature, 
the normal emittance spectra are also measured at 973 K. The emittance spectra are measured from 1.5 
Pm to 8.0 Pm using an emission measurement system equipped with an electric heater, FT-IR, and some 
optical elements. The measured spectra are calibrated and assigned units by comparison with emissive 
spectra from a blackbody furnace. During the measurement of emissivity spectra, 13% H2-Ar gas was 
flowed inside the heater casing to prevent oxidation of specimens. 
 
2.4. Performance evaluation test 
To evaluate the performance of solar selective absorbers, the thermal test using halogen infrared lamp 
is performed. The schematic illustration of experimental setup is depicted in Fig. 2. We evaluate the 
performance by measuring temperature of the samples using concentrating light irradiated from the lamp 
which is modified concentrated sunlight. We use the three types of samples, which are polished flat 
surface sample, flat surface with black-painted sample, and etched microstructured sample. Temperatures 
of samples are raised to approximately 500oC. 
 
 
䠄 䠅
 
 
Fig. 2. A schematic illustration of experimental setup heating test using a infrared lamp. The test is performed under 
reduction atmosphere. 
414   Makoto Shimizu et al. /  Energy Procedia  57 ( 2014 )  411 – 417 
 
3. Results and discussion 
 
3.1. Periodic microcavity array 
The sample fabricated by above method is shown in Fig. 3. An interference color of blue appears in an 
etched surface of bulk specimen. The magnified picture shows the fabricated microcavities observed 
using an SEM. Two dimensionally arrayed rectangular microcavities is fabricated on the surface. To 
evaluate the effect of microcavities, we fabricate samples with different microcavity depths. The depth of 
the microcavities can be controlled by etching time.  
 
 
 
To clarify the effect of the etching, relative reflectance is calculated by 
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where Urelative denotes the spectral relative reflectance, Uflat shows the spectral hemispherical 
reflectance on the mechanically polished flat CMSX-4 surface, and UVtructure represents the spectral 
hemispherical reflectance on microstructured samples. 
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Fig. 4. Measured relative reflectance of samples with different microcavity depths. 
 
 
Fig. 3. A picture of etched CMSX-4 and an SEM image of the fabricated microcavities. 
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The spectral relative reflectance of three samples which have the same width but different depth of 
microcavities are presented in Fig. 4. The microcavity depth is evaluated by scanning probe microscope 
(SPM; SPM-9500J2, Shimadzu). A broadened emissive peak appeared as a minimum of the relative 
reflectance spectrum is shown for all samples. The minima are shown at 0.57, 0.75, and 0.80Pm, 
respectively, for the d =0.14, 0.23 and 0.27 Pm samples. The minimum at the observed spectrum becomes 
clear with increasing depth of the microcavity, which means that the enhancement of the emissive peak is 
improved by the depth enlargement since confined effect become strong, which is similar to the tendency 
represented by Sai et al.[8] and by Maruyama et al.[9] By theoretical calculation considering waveguide 
cavity with perfect conductor[9], the dominant mode of the enhanced emissive peak wavelength is 
predicted by following equation as 0.42, 0.53, and 0.57 Pm for each microcavity size. 
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where Lx, Ly, and Lz are length of the waveguide and l, m, and n are positive integers. The wavelength of 
the emissive peak appeared as the minima are close to the predicted results calculated from Eq. (2). These 
results show that the spectrally selective property attributed to the microcavities is verified. The peak 
wavelength of each specimen somehow appears at a long wavelength range compared with the calculated 
result. It is considered that this difference originates from differences between the ideal and actual 
properties such as the electric conduction and microcavity size inhomogeneity. 
The measured relative emittance spectra of the specimen with 0.27 Pm microcavity depth and non-
etched flat surface CMSX-4 is represented in Fig. 5.  
 
 
 
The spectral emittance of the etched specimen is enhanced in the short wavelength range compared 
with that of the non-etched flat surface. The emittance spectrum of the fabricated specimen measured at 
973 K is consistent with that of measured at 300 K which is calculated from the reflectance. The 
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Fig. 5. Measured relative emittance of samples with 0.27 Pm depth microcavities. The emittance at 973 K is measured in 
reduction atmosphere and emittance at 300 K is obtained from reflectance measurement. 
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fabricated microstructures remain for 2 hr during the measurement of the emittance spectrum at 973 K. 
Consequently, results confirm that the spectrally selective property of the fabricated sample does not 
change even at high temperatures. 
 
3.2. Randomly arrayed microcavities 
The CMSX-4 with only solution heat treatment is shown in Fig. 6. After the etching, the color of the 
sample turns to dark blue. The fabricated microcavity, of which mean size is approximately 0.3 Pm, is not 
arrayed periodically, but difference of the sizes in each other are small. 
 
 
 
 
We conduct the performance evaluation test to validate the performance of fabricated sample using 
self-organization feature for solar selective absorbers. The reflectance spectra of fabricated sample and 
the comparing materials are shown in Fig. 7.  
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Fig. 7. Measured reflectance spectra of the samples applied heating test. The solid lines show the reflectance before the 
test and the dashed  line show the reflectance after the test. Orange solid line shows the emissive power distribution 
of the infrared lamp. 
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Fig. 6. Picture of fabricated sample which have randomly arrayed microcavities and its SEM image. 
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The fabricated sample shows low reflectance, namely high absorptance, in the range of infrared lamp 
emission, though it shows relatively high reflectance in the range of thermal radiation from the absorber 
itself. After the test heated at 500oC in reduction atmosphere, the reflectance of the sample is not changed. 
The temperature of the microstructured sample is 30oC higher than that of the black-painted sample at a 
maximum. Therefore, the advantage of this method of fabricating microstructures by self-organization 
can be verified. 
 
4. Conclusion 
In this paper, we describe the technique of fabricating microstructures on refractory metal surface by 
simple wet etching process. The periodic microcavities are fabricated on a Ni-based superalloy of which 
phases are separated into two phases under appropriate heat treatments. The absorbed peak attributed to a 
confined mode of a cavity is clearly observed and the spectrally selective feature is not degraded even at 
973 K in reduction atmosphere. It is also realized that the non-periodic microstructures fabricated by the 
other heat treatment process also show the high spectrally selective property. The effect of spectrally 
selective property is appeared as increasing of the temperature comparing with the black-painted sample. 
The self-organized features on the superalloys have been studied in the material engineering field for a 
long time. This explanation extends the characteristic property of the materials into the optical 
engineering field. The concept can be expected to support not only the development of solar selective 
absorbers but also the other high-temperature energy conversion systems 
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